Carbon nanocapsules (CNCs) encapsulating cobalt (Co) nanoparticles with a face-centered-cubic structure were synthesized by a gas-evaporation method and were observed by high-resolution transmission electron microscopy. The Co nanoparticles revealed polyhedral shapes; they were truncated by low-index facets. The surfaces of Co nanoparticles were surrounded by graphene layers. The atomic configuration and interlayer spacing at the graphene/cobalt interfaces were investigated.
Introduction
Since fullerene C 60 was discovered, various studies regarding fullerenes and related materials have been conducted, for example, synthesis, analysis of structures and properties, encapsulation, derivatization, and synthesis of larger fullerene molecules and nanotubes [1] [2] [3] [4] [5] . Carbon nanocapsules (CNCs) are giant multiwalled fullerenes having voids in their center [6] [7] [8] [9] [10] . As is known in the encapsulation of rare-earth elements in smaller fullerenes, CNCs also encapsulate metal-and carbide nanoparticles, bringing in the inhibition of oxidation and grain coarsening of encapsulating nanoparticles [6] [7] [8] [9] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In particular, for the encapsulation of magnetic nanoparticles, we can explore new magnetic properties of nanoparticles [14, 15] .
In such CNCs encapsulating nanoparticles, the interfaces between the nanoparticle and graphene layers dictate their structural and chemical properties. For metal/graphene systems, the interfaces have also been focused in application of graphene to electronic devices, in which graphene is contacted with metal electrodes and wires [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Such metal/ graphene interfaces are two-dimensional internal structures. Thus, transmission electron microscopy (TEM) is a most useful method to investigate them. A common obstacle to the analysis is how to prepare thin specimens for TEM observation. Because interface structures are damaged when the specimens are thinned by mechanical and chemical methods.
On the other hand, we can observe metal/graphene interfaces in encapsulating CNCs without thinning processes. In this study, we synthesized cobalt (Co)-encapsulated CNCs by a gas-evaporation method and investigated their interface structures by high-resolution TEM.
Method
An edge of a carbon rod of 5 mm in diameter was drilled, and a Co rod was packed in the hole. An edge of another carbon rod was sharpened. The two edges of the two rods were contacted in argon of 2 × 10 4 Pa, and an alternating current was applied to heat the contact region. As the current was increased, the temperature of the contact region reached melting temperature, resulting in evaporation [30] . Thus, the contact region was heated by Joule heating by current passing. A smoke comprised of particles was produced by evaporation and moved upward. The smoke was collected on microgrids cooled at liquid nitrogen temperature.
The synthesized particles were observed using the transmission electron microscope (JEOL JEM2100F) with a field 
Results
Figure 1(a) shows a high-resolution image of a synthesized nanoparticle. In the inner region of the nanoparticle, lattice fringes of 0.21 nm and 0.18 nm in spacing are observed, as shown in Figure 1(b) . The selected-area electron diffraction from an aggregate of the nanoparticles corresponds to a face-centered-cubic (fcc) structure, as shown in Figure 1(c) . From these results, the inner region was identified to be a fcc-Co nanoparticle. The outer region of the nanoparticle is surrounded by graphene layers. Thus, the nanoparticle is a Co-encapsulated CNC. In this study, we examined more than 300 CNCs. The selected-area electron diffraction patterns from the nanoparticles encapsulated in the CNCs were identified as those of fcc-Co nanoparticles. Jiao et al. synthesized Co-encapsulated CNCs by arc discharge and found that the encapsulating Co particles had fcc structures [31] . Saito also reported that to by similar synthesis of Coencapsulated CNCs, fcc-Co nanoparticles were dominantly produced in addition of small amount of Co nanoparticles with hexagonal-closed-packed structures and Co 3 C nanoparticles [15] . Our result is similar to these previous studies.
The lattice fringes of the Co nanoparticle, that is, 0.21 nm and 0.18 nm, correspond to (111) Co and (002) Co , respectively. Thus, we found the observed direction and the facets of the Co nanoparticle, as shown in Figure 2 The distances between neighboring black dots observed on the graphene layers are 0.21 nm (Figure 3(a) ). In graphene layers, there is no lattice spacing corresponding to this distance. As shown in Figure 4 , when graphene layers are viewed along [1 120 ] graphene , the shortest distance of neighboring atomic rows is 0.07 nm. Because this distance is smaller than the spatial resolution of the microscope used in this observation, the two neighboring atomic rows separated by 0.07 nm are observed as one black dot. The distance between the combined black dots is 0.21 nm (Figure 3(b) ). Thus, the observed black dots of 0.21 nm in distance on the graphene layers in Figure 3 correspond to the neighboring carbon atomic rows aligned along [1 120 ] graphene on (0001) graphene . Figure 5 shows the orientational relationship between the graphene layers and Co nanoparticles at the interfaces in region D-E. The enlarged high-resolution image of the interface shown in Figure 3 is shown in Figure 5(a) . From this image, we constructed the configuration model of carbon and Co atoms along the direction parallel to the interfaces. To confirm the matching of the lattice image and the model, the overlapping of them is presented in Figure 5 (b). The extracted atomic configuration is shown in Figure 5 (c). The atomic configuration model at the interface [1120]
[1100] We found from these figures that a half of Co atoms locate around the on-top sites of carbon atoms on the interface in this region. Figure 6 shows the orientational relationship between the graphene layers and Co nanoparticles at the interfaces in region A-B. The enlarged high-resolution image of the interface shown in Figure 1 is shown in Figure 6 (a). We constructed the configuration model of carbon and Co atoms along the direction parallel to the interfaces. As in Figure 5 (b), to confirm the matching of the lattice image and the model, the overlapping image of them is presented in Figure 6 (b). The extracted atomic configuration is shown in Figure 6 [1120]
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[332] layers and Co nanoparticle projected along the direction perpendicular to the interface can be considered. We found that most of Co atoms locate around the on-top sites of carbon atoms on the interface in this region. The misfits at the interfaces in the five regions are shown in Table 1 . In regions A-B, D-E, and E-F, the misfits at the interfaces along [1 120 ] graphene are 1.6%. On the other hand, the misfits along [1100] graphene are 1.8%, 49%, and 15% for the three regions, respectively. The spacing between the graphene layer and the Co layer at the interfaces in the three regions ranges between the same range, that is, 0.21 ± 0.03 nm. Figure 7 shows a (0001) graphene /(110) Co interface in B-C region in the Co-encapsulated CNC shown in Figure 1(a) . In this region, the configuration of Co atoms could be analyzed as in the regions A-B and D-E. On the other hand, the configuration of carbon atoms cannot be identified because only line images are observed in the graphene region. Then, we found the interlayer spacing in this region, that is, 0.28 nm. Figure 1(a) . As shown in Table 1 , the orientational relationship in this region is equivalent to that in region A-B. However, the interlayer spacing in this region is 0.30 ± 0.05 nm, which is higher than that in region A-B. In Figure 8 , the graphene layers at the interface bend around an additional atomic row on the Co facet. Strain is introduced in the graphene layers in C-D region owing to the bending. This contributes to higher interlayer spacing.
Discussion

The Shape of the Graphene Layers at the Interfaces.
The graphene layers at the interfaces were flat when the Co facets were flat, as shown in Figures 6 and 7 . On the other hand, the graphene layers bent along the steps and additional atomic rows on the Co facets, as shown in Figures 5 and 8 . Thus, the shape of graphene layers at the interfaces fit with the surface shape of the Co nanoparticle; a single graphene [110]
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[111] layer covers the Co facet even if the Co facets are stepped and curved. In the gas-evaporation, first, Co/carbon solid solution phases are formed by mixture of atomized Co and carbon atoms at high temperature. The solid solubility of carbon in Co decreases during cooling. From this, it is proposed that the solved carbon precipitates as graphene layers on the Co nanoparticles at lower temperatures [15] . In such precipitation, the graphene layers are conformed to the Co facets.
The Graphene/Co Interlayer Spacing at the Interfaces.
Although the misfit along [1100] graphene is different in regions A-B, D-E, and E-F, the spacing between the graphene layer and the Co layer at the interfaces ranges between the same range. Interface steps were observed in region D-E, whereas flat interfaces were observed in regions A-B and E-F. [29] . This calculated value is smaller than that of the interface with the same orientational relationship (region C-D), whereas it is similar to that in different relationships (regions D-E and E-F). As shown in Figure 1 , considerable strains were introduced in the graphene layers around point C, that is, around regions B-C and C-D. In these regions, the interlayer spacing was 0.28-0.30 nm. Thus, it is suggested that the larger interlayer spacing are caused by strain in the graphene layers.
Conclusion
The graphene/Co interfaces in Co-encapsulated CNCs were observed by high-resolution TEM. The atomic configuration and the interlayer spacing at the graphene/Co interfaces were investigated. The observed interlayer spacing between 0.21 ± 0.03 nm at the graphene/Co interface was observed regardless of the misfit and interface steps. On the other hand, the larger spacing between 0.28 to 0.30 nm was observed around considerably strained graphene layers.
